The MIT Faculty has made this article openly available. Please share how this access benefits you. Your story matters. Abstract. It is commonly supposed that plate tectonic rates are controlled by the temperature-dependent viscosity of Earth's deep interior. If this were so, a small decrease in mantle temperature would lead to a large decrease in global heat transport. This negative feedback mechanism would prevent mantle temperatures from changing rapidly with time. We propose alternatively that convection is primarily resisted by the bending of oceanic lithosphere at subduction zones. Because lithospheric strength should not depend strongly on interior mantle temperature, this relationship decreases the sensitivity of heat flow to changes in interior mantle viscosity, and thus permits more rapid temperature changes there. The bending resistance is large enough to limit heat flow rates for effective viscosities of the lithosphere greater than about 1023 Pa s, and increases with the cube of plate thickness. As a result, processes that affect plate thickness, such as small-scale convection or subduction initiation, could profoundly influence Earth's thermal history.
Introduction
Plate velocities are typically thought to depend on the viscosity of the mantle's deep interior, which depends strongly on temperature. In this view, as the earth cools, mantle viscosity increases, which forces slower convection and less efficient heat transport. This slows the mantle's cooling rate and stabilizes its internal temperature [e.g., Davies, 1980; Tozer, 1972] . Mantle temperatures can change more rapidly with time if convection is influenced by the lithosphere, which is colder, and therefore stiffer, than the underlying mantle. In simple convection calculations that include temperature-dependent viscosity, Christensen [1985] found surface heat flow to depend more on the viscosity of the cold thermal boundary layer than on that of the underlying mantle. Because lithospheric viscosity depends on surface temperatures, which are thought to have changed little since the Archean, Christensen's [1985] calculations predict nearly constant heat flow. The decoupling of heat flow from temperature prevents heat loss rates from slowing as the interior cools. This leads to greater present-day cooling rates in thermal evolution models that reproduce current mantle temperatures [Christensen, 1985] . The geometry of Earth's subduction zones requires cold, strong, lithosphere to deform as it bends and descends into the mantle. Conrad and Hayer [1999] show that this bending deformation provides at least as much resistance to plate motions as viscous deformation of the underlying mantle. Thus, the rheological properties of the bending lithosphere should play an important role in determining plate velocities. If this is the case, the negative feedback mechanism that stabilizes temperatures is disrupted while plate motions and subduction are maintained. In this study, we include the bending resistance in studies of parameterized convection to show how plate bending at subduction zones could play an important role in Earth's thermal evolution.
Parameterized

Convection Models
The relationship between convective heat transport and interior temperature is typically investigated in the context of Rayleigh-Bernard convection, where a constant temperature boundary condition is imposed at the base of the system. For this scenario, the dimensionless heat flux is given by the Nusselt number, Nu, which is the ratio of the heat flow due to convection to that due to conduction alone. Figures 1 and 2b ). An increase in r/t could also cause bending stresses to suddenly become important if Rat becomes smaller than 8x/TL/I• (compare curves for long plates in Figures 2a and 1) . Thus, mantle cooling could cause bending slabs to become more effective at resisting convection than the shearing mantle, causing/3 to drop from 1/3 to 0 at some time.
Conclusions
We have shown that if plate bending in subduction zones is important in controlling plate velocities, heat flow is less sensitive to interior viscosities and temperatures, so more rapid changes in mantle temperature are permitted. Thus, plate bending could be a mechanism by which values of/3 less than 0.1 can be obtained in the relationship Nu ,,o Ra G. As discussed above and by Christensen [1985] ,/3 must be small to reconcile parameterized convection models with the ohserved secular cooling of the mantle, expressed by estimates of Urey ratios near 0.4. The plate bending mechanism is preferable to other models of convection that yield/3 < 0.1 because it arises naturally from subduction zone geometry, and thus produces realistic plate and slab behavior.
We conclude that small values of/3 are only achieved if bending subducting slabs have an effective viscosity of order 1023 Pa s or more. For viscosities close to this value, only an earth with large, Pacific-sized plates that can grow sufficiently thick before they subduct will experience a decrease in/3. Because the plate thickness is so influential in determining plate velocities, any process that affects plate thickness could be an essential aspect of plate tectonics, and could greatly influence Earth's thermal evolution. Such processes may include small-scale convection beneath plates, which may limit the plate thickness through basal erosion, or the physical details of subduction initiation, which may control how large, and thus how thick, plates can become.
